Introduction
============

Spinal muscular atrophy (SMA) is a genetic neuromuscular disorder caused by mutations or deletions of the *Survival Motor Neuron 1* (*SMN1*) gene ([@ddw278-B1]). In humans, an almost identical copy of *SMN1* exists, referred to as *SMN2*. Based on the time of onset and the severity of the phenotype, SMA is classified into four types. Type 1 SMA is the most severe form and accounts for more than 50% of cases. It occurs in young infants before the age of six months and presents with a progressive, symmetrical skeletal muscle weakness and atrophy, and leads to death before the age of two ([@ddw278-B2]). Autopsy of these patients reveals severe myofibre atrophy and motor neuron loss within the spinal cord ([@ddw278-B3]).

The effect of genetic background in the severity of neuromuscular disorders (NMDs) has been shown in several animal studies. Mouse models for Amyotrophic Lateral Sclerosis (ALS), Duchenne muscular dystrophy, and SMA when backcrossed into different inbred mouse strain backgrounds showed a different time of onset, severity and survival ([@ddw278-B4]). Also, in several cases of familial forms of NMDs, the siblings with the same causative genetic mutations showed wide discrepancies in the severity of the clinical symptoms. For example, siblings with the same mutations in the human superoxide dismutase 1 (*hSOD1*) gene present with substantial disparity in the time of onset and severity of ALS symptoms ([@ddw278-B10]). In some rare cases, the siblings of the affected patient did not develop ALS despite the presence of the same *hSOD1* mutation. These effects are attributed to the presence of modifier genes ([@ddw278-B11]).

In SMA, the copy number of the *SMN2* gene varies among individuals making it an important modifier of the disease symptoms. Most type I SMA patients carry only two *SMN2* copies, while patients with type II SMA usually have three, type III four and type IV five to six copies of the *SMN2* gene ([@ddw278-B12],[@ddw278-B13]). Other genes have also been proposed as modifiers of SMA. In a rare case, siblings with an identical *SMN1/SMN2* genotype showed an extreme difference in SMA symptom presentation ranging from affected to unaffected ([@ddw278-B14]). Further characterization of the transcriptome of these individuals identified *Plastin 3* (*PLS3*) as a putative SMA modifier gene ([@ddw278-B14]). Pls3 is an actin binding protein and contributes to the stabilization of actin bundles ([@ddw278-B15]). Overexpression of *Pls3* rescued the defects of neurite outgrowth in cultured SMA motor neurons ([@ddw278-B14]). However, subsequent studies have reported mixed results regarding the benefits of *Pls3* expression in different mouse models of SMA ([@ddw278-B16],[@ddw278-B17]). Other actin modulators could also serve as modifiers of SMA. Dysregulation of upstream signalling pathways important for the regulation of the actin cytoskeleton in Smn depleted neuronal cells and tissues has previously been reported ([@ddw278-B18]). Indeed, Rho kinase activity is increased and leads to differential phosphorylation of its downstream targets ([@ddw278-B18]). The pharmacological inhibition of Rho kinase resulted in a longer life span, increased myofibre size and improved neuromuscular junction (NMJ) morphology in a mouse model of SMA ([@ddw278-B20],[@ddw278-B21]).

Several mouse models of SMA have been generated (reviewed in ([@ddw278-B22])). One common strategy is deleting the mouse *Smn* gene while introducing the human *SMN2* gene (and/or its variants) into the mouse genome. The *Smn^-/-^;SMN2* mouse (also known as the "severe model") and *Smn^-/-^;SMN2*;*SMNΔ7* (also known as the "delta 7 model") are two models generated using this strategy ([@ddw278-B5],[@ddw278-B6]). They recapitulate a severe SMA-like phenotype in mice. In a separate model, known as the "Taiwanese model", the severe phenotype is also recapitulated ([@ddw278-B23]).

We have previously generated a new allele of mouse *Smn* (called *Smn^2B^*) by mutating a splicing enhancer element within exon 7 of the mouse *Smn* gene ([@ddw278-B21],[@ddw278-B24]). The majority of the transcripts from the *Smn^2B^* allele lack exon 7, however low levels of full length Smn protein are produced. The initial characterization of *Smn^2B/-^* mice in a hybrid BL6 x CD1 background revealed that these mice recapitulate an SMA phenotype including muscle weakness and atrophy, loss of lower motor neurons, and pathologic changes within the NMJs ([@ddw278-B20],[@ddw278-B21],[@ddw278-B26]). The median survival in these mice was 28 days. However, a small number (about 10%) managed to survive more than 100 days ([@ddw278-B18],[@ddw278-B20],[@ddw278-B21],[@ddw278-B26]).

Here, we have generated congenic *Smn^2B/-^* mouse lines by backcrossing the *Smn^2B^* allele onto two different mouse genetic backgrounds, BL6 and FVB. Using several behavioural and histological tests, we characterized these mice at the 6^th^ generation of the backcross. These mice showed a more severe and less variable SMA phenotype than the mixed background *Smn^2B/-^* mice. We also showed that congenic *Smn^2B/-^* mice on the FVB background have a more severe phenotype than on the BL6 background. Interestingly, the level of Pls3 protein was significantly induced in spinal cords of BL6 *Smn^2B/-^* mice but not of FVB *Smn^2B/-^*mice. Overall, our work demonstrates that genetic background is an important determinant of disease severity in SMA model mice, potentially through the differential regulation of modifier genes.

Results
=======

BL6 Smn^2B/-^ mice have a longer life span than FVB Smn^2B/-^ mice
------------------------------------------------------------------

Previously, we showed that *Smn^2B/-^* mice in a mixed background recapitulate an SMA-like phenotype, with a median survival of 28 days while a small fraction (about 10%) survive for more than 100 days ([@ddw278-B20],[@ddw278-B21],[@ddw278-B26]). Here, we assessed the survival of congenic *Smn^2B/-^* mice in either BL6 or FVB backgrounds. For this study, we set up breeder cages and mated congenic *Smn^2B/2B^* mice (from the 6^th^ generation of backcrossing) to congenic *Smn^+/-^* mice of the same relevant background. We monitored the offspring on a daily basis for survival and weight. The mice that did not show any phenotype after postnatal day (PND) 21 were genotyped to rule out the presence of any *Smn^2B/-^* mice within this group. Kaplan-Meier analysis revealed that BL6 *Smn^2B/-^* mice had a median survival of 25 days (range of 19--35 days, *n =* 19) and FVB *Smn^2B/-^* mice had a median survival of 19 days (range of 17 to 21 days, *n =* 22) ([Fig. 1A](#ddw278-F1){ref-type="fig"}) . There was a significant difference in survival between BL6 *Smn^2B/-^* and FVB *Smn^2B/-^* mice (Gehan-Breslow-Wilcoxon Test, *P *\<* *0.0001). Figure 1.BL6 *Smn^2B/-^*mice have a longer life span than FVB *Smn^2B/-^*mice. (**A**) Kaplan-Meier survival curve showing that BL6 *Smn^2B/-^*mice have a median survival of 25 days (*n =* 19) while FVB *Smn^2B/-^* mice have a median survival of 19 days (*n =* 22). The difference in survival was significant between the two strains (Gehan-Breslow-Wilcoxon Test, *P *\<* *0.0001). No death was observed in control littermates (not shown). (**B**) The shorter life span of FVB *Smn^2B/-^*mice is not due to larger litter sizes in this strain. In the FVB strain (solid line), there was no correlation between the size of the litters and survival of *Smn^2B/-^* mice (Goodness of Fit test, *R*^2 ^=^ ^0.03 *P *\>* *0.05). Interestingly, the bigger litter size in the BL6 strain (dashed line) correlated with longer survival of *Smn^2B/-^* mice (Goodness of Fit test, *R*^2 ^=^ ^0.34 *P *\<* *0.01).

Since breeding cages with FVB background had larger litter sizes (average of 9.1 ± 2.4 pups for FVB *vs.* 6.2 ± 2.1 pups for BL6, *P *\<* *0.05), we tested whether this correlated with the shortest life span in the FVB background. We plotted the survival of each *Smn^2B/-^* mouse versus the size of the correspondent litter ([Fig. 1B](#ddw278-F1){ref-type="fig"}). As shown, there was no correlation between litter size and the length of survival for *Smn^2B/-^* mice in the FVB background (*R*^2^= 0.03055, *P *\>* *0.05). To our surprise, within the BL6 *Smn^2B/-^* mice, there was a positive correlation between litter size and increased survival (*R*^2^= 0.3419, *P *\<* *0.01).

FVB Smn^2B/-^ mice lose weight more rapidly than BL6 Smn^2B/-^ mice
-------------------------------------------------------------------

Starting on day three after birth, body weights for mice were measured on a daily basis. The average weight of *Smn^2B/-^* mice is significantly lower than control mice after PND11 for FVB and after PND12 for BL6 (two way ANOVA, *P *\<* *0.05) ([Fig. 2A and B](#ddw278-F2){ref-type="fig"}). After PND15 the average weight of *Smn^2B/-^* mice starts to decrease in both backgrounds. To investigate if the rate of weight loss is different between the two backgrounds, we calculated the weight of each *Smn^2B/-^* mouse at each time point as a percentage of the average weight of the relevant control mice at that time point ([Fig. 2C](#ddw278-F2){ref-type="fig"}). Beginning at PND16, FVB *Smn^2B/-^* mice lost weight continuously and reached 50% of the average weight of controls at PND18. By comparison, the weight loss rate is lower for BL6 *Smn^2B/-^* mice, which reached 50% of the average weight of controls at PND22. Figure 2.FVB *Smn^2B/-^ mice lose weight more rapidly* than BL6 *Smn^2B/-^*mice. (**A** and **B**) Analysis of daily weights showed that *Smn^2B/-^*mice are smaller than their control littermates after PND12 in the BL6 background (*n =* 19) (A), and after PND10 in the FVB background (*n =* 22) (B), (two way ANOVA, *P *\<* *0.05). (**C**) Comparing daily weights of BL6 and FVB *Smn^2B/-^*mice (represented as a percentage of the average of the weight of the control littermates) showed that after PND15, FVB *Smn^2B/-^*mice lose weight at a faster pace than BL6 *Smn^2B/-^*mice (two way ANOVA, *P *\<* *0.05). \* indicates significant difference between *Smn^2B/-^*mice and their control littermates in A and B, and between BL6 and FVB *Smn^2B/-^*mice in C.

Muscle strength is reduced earlier in FVB Smn^2B/-^ mice than in BL6 Smn^2B/-^ mice
-----------------------------------------------------------------------------------

Progressive muscle weakness and atrophy are clinical hallmarks of SMA ([@ddw278-B2]). In SMA model mice, muscle strength is also reduced early in the course of the disease ([@ddw278-B27]). To evaluate the muscle strength in *Smn^2B/-^* mice, we used two standard motor tests recommended by Treat-NMD: "inverted mesh grip test" and "hind limb suspension test" ([@ddw278-B28],[@ddw278-B29]). The inverted mesh grip test evaluates the strength of all mouse limbs by suspending the animal from an inverted mesh. We found that PND13 is the first time that pups are able to suspend from the inverted mesh (data not shown). After PND13, the average latency to fall for BL6 control mice was increased continuously and reached 100% of the goal (i.e. 60 sec) at PND23 (repeated measures ANOVA, *P *\<* *0.05) ([Fig. 3A](#ddw278-F3){ref-type="fig"}). This trend was also the same for FVB control mice however the test was only performed until P21 (70% of the goal) due to the lower maximum survival of FVB *Smn^2B/-^* mice ([Fig. 3B](#ddw278-F3){ref-type="fig"}). The latency to fall for *Smn^2B/-^* mice in both backgrounds was not significantly different relative to controls at PND13 (repeated measures ANOVA, *P *\>* *0.05). However, the difference in hang time between *Smn^2B/-^* mice and their control littermates did reach significance at PND17 for the BL6 background and at PND15 in the FVB background (two way ANOVA, *P *\<* *0.05) ([Fig. 3A and B](#ddw278-F3){ref-type="fig"}). Figure 3.Muscle weakness occurs at earlier ages in FVB *Smn^2B/-^*mice than in BL6 *Smn^2B/-^*mice. (**A** and **B**) Analysis of the results from inverted mesh grip tests showing that *Smn^2B/-^*mice had a shorter latency to fall than their control littermates after PND17 in BL6 *Smn^2B/-^*mice (A) and after PND15 in FVB *Smn^2B/-^*mice (B), (two way ANOVA, *P *\<* *0.05). There were no significant changes in latency to fall times of *Smn^2B/-^*mice (solid lines) of both strains during the test period (repeated measures ANOVA, *P *\>* *0.05). (**C** and **D**) Analysis of hind limb suspension test (also known as tube test) revealed that *Smn^2B/-^*mice suspended from their hind limbs had a shorter latency than their control littermates after PND15 in both strains. The latency to fall time of FVB *Smn^2B/-^*mice was significantly shorter at PND11 than earlier ages (D, ≠ on the solid line). In BL6 *Smn^2B/-^*mice the latency to fall time was shorter at PND13 than earlier ages (C, ≠ on the solid line) (repeated measures ANOVA, *P *\<0.05). The goal was set as 60 s for the inverted grip test (A and B), and as 60 s or climbing out of the tube for the tube test (C and D). \* indicates significant difference between *Smn^2B/-^*mice and their control littermates.

In the hind limb suspension test (also known as the tube test), the average time to fall for both BL6 and FVB control mice was unchanged until PND13 (repeated measures ANOVA, *P *\>* *0.05) and then increased at PND15 and reached 100% of the goal (60 sec) at PND17 (repeated measures ANOVA, *P *\<* *0.05) ([Fig. 3C and D](#ddw278-F3){ref-type="fig"}). By comparison, hanging time started to decrease significantly at PND13 for BL6 *Smn^2B/-^* mice and at PND11 for FVB *Smn^2B/-^* mice (repeated measures ANOVA, *P *\<* *0.05) ([Fig. 3C and D](#ddw278-F3){ref-type="fig"}). The difference between *Smn^2B/-^* mice and their control littermates was significant at PND15 for both BL6 and FVB lines (two way ANOVA, *P *\<* *0.05). Thus, collectively these results indicate that muscle weakness occurs at an earlier age in FVB than in BL6 *Smn^2B/-^* mice.

Muscle fibre cross-sectional area is reduced earlier in FVB Smn^2B/-^ mice than in BL6 Smn^2B/-^ mice
-----------------------------------------------------------------------------------------------------

Previously we showed that average myofibre area is remarkably reduced in the mixed background *Smn^2B/-^* mice at PND21 (20,21). Here, we investigated myofibre calibre in the tibialis anterior (TA) skeletal muscle at earlier time points in the congenic *Smn^2B/-^* mice ([Fig. 4](#ddw278-F4){ref-type="fig"}). The fraction of small myofibres (200--350 µm^2^) was not increased in BL6 *Smn^2B/-^* mice at PND11 (two way ANOVA, *P *\>* *0.05) but is significantly higher at PND16 compared to the control littermates (two way ANOVA, *P *\<* *0.05) ([Fig. 4C](#ddw278-F4){ref-type="fig"}). In contrast, the fraction of small myofibres was significantly increased in FVB *Smn^2B/-^* mice at both PND11 and PND16 relative to control pups (two way ANOVA, *P *\<* *0.05) ([Fig. 4C](#ddw278-F4){ref-type="fig"}). We have further analysed the average myofibre cross-sectional area and found that it is reduced significantly at PND11 in FVB *Smn^2B/-^* mice and continues to be smaller at PND16 (Mann Whitney test, *P *\<* *0.05) ([Table 1](#ddw278-T1){ref-type="table"}). In BL6 *Smn^2B/-^* mice however, the average myofibre area is not decreased at PND11 but reduced significantly at PND16 (Mann Whitney test, *P *\<* *0.05). We also found that at PND16 myofibre atrophy is more severe in FVB than BL6 *Smn^2B/-^* mice (54.6 ± 16.8% vs. 72.4 ± 18.42% of the average of myofibre areas of controls, respectively, *P *\<* *0.05). Figure 4.Muscle fibre cross-sectional area is reduced earlier in FVB *Smn^2B/-^*mice than in BL6 *Smn^2B/-^*mice. (**A** and **B**) Representative images of H&E stained TA muscles from BL6 mice (A) and FVB mice (B) at PND11 and PND16. (**C** and **D**) Quantification and analysis of myofibre cross-sectional areas showed that at PND11 there was no difference in the distribution of myofibres of BL6 *Smn^2B/-^*mice (*n =* 3, two way ANOVA, *P *\>* *0.05). However, at PND11 there is a higher percentage of small caliber myofibres in FVB *Smn^2B/-^*mice compared to their control littermates, and at PND16, the fractions of smaller myofibres are significantly higher in both BL6 and FVB *Smn^2B/-^*mice (*n =* 3, two way ANOVA, *P *\<* *0.05). \* indicates significant difference between *Smn^2B/-^*mice and their control littermates. Table 1.Muscle fibre cross-sectional area is reduced earlier in FVB *Smn^2B/-^* mice than in BL6 *Smn^2B/-^* mice. Table shows the average myofibre cross-sectional areas in TA muscles at PND11 and PND16. At PND11 the average myofibre area was significantly reduced in FVB but not in BL6 *Smn^2B/-^*mice. At PND16 both BL6 and FVB showed smaller myofibre cross-sectional areas (*n =* 3, Mann Whitney Test)PND11Myofibre areaPND16Myofibre areaFVB*Smn^2B/-^*509.7±139.2 µm^2^*P*\<0.0001*Smn^2B/-^*389.9±120 µm^2^*P*\<0.0001control692±155.9 µm^2^control714.2±137 µm^2^BL6*Smn^2B/-^*350±174.8 µm^2^*P*\>0.05*Smn^2B/-^*481.8±122.5 µm^2^*P*\<0.0001control381.1±180.4 µm^2^control665.2±154.8 µm^2^

We further investigated myofibre atrophy at an earlier age (PND9) in FVB *Smn^2B/-^* mice ([Supplementary Material](#sup1){ref-type="supplementary-material"}, [Fig. 1](#ddw278-F1){ref-type="fig"}) to study a pre-phenotypic time point. Although the fraction of small myofibres (250 µm^2^) was slightly increased ([Supplementary Material](#sup1){ref-type="supplementary-material"}, [Fig. 1B](#ddw278-F1){ref-type="fig"}), the average myofibre cross-sectional area was not significantly different from the control littermates (Mann Whitney test, *P *\>* *0.05). ([Supplementary Material](#sup1){ref-type="supplementary-material"}, [Fig. 1C](#ddw278-F1){ref-type="fig"}). This might indicate that PND9 is an early stage of myofibre atrophy in FVB *Smn^2B/-^* mice.

Motor neuron loss happens earlier in FVB Smn^2B/-^ mice than in BL6 Smn^2B/-^ mice
----------------------------------------------------------------------------------

We investigated motor neuron (MN) loss in lumbar spinal cords of congenic *Smn^2B/-^* mice by choline acetyltransferase (ChAT) immunostaining ([Fig. 5](#ddw278-F5){ref-type="fig"}). We counted MN cell bodies in spinal cord sections from the *Smn^2B/-^* mice at different time points. At PND11 there is no difference in the number of motor neurons (MNs) between BL6 *Smn^2B/-^* mice and their control littermates ([Fig. 5A and C](#ddw278-F5){ref-type="fig"}). At PND16 and PND19 however, a decrease in the number of MNs in BL6 *Smn^2B/-^* mice was observed when compared to control littermates ([Fig. 5A and C](#ddw278-F5){ref-type="fig"}). Since muscle atrophy began earlier in FVB *Smn^2B/-^* mice, we counted the number of MNs in these mice at earlier time points. There was no decrease in the number of MNs at PND9 ([Fig. 5B and D](#ddw278-F5){ref-type="fig"}). However, at PND11 and PND16, the number of MNs was reduced in FVB *Smn^2B/-^* mice compared to control littermates ([Fig. 5B and D](#ddw278-F5){ref-type="fig"}). To compare the pattern of MN loss between FVB and BL6 *Smn^2B/-^* mice, we calculated the fraction of MNs in these mice as a percentage of the average MN number of their corresponding control littermates. Although the rate of MN loss was similar in both backgrounds, this pathology began at least two days earlier in FVB *Smn^2B/-^* mice ([Fig. 5E](#ddw278-F5){ref-type="fig"}). Figure 5.Motor neuron loss occurs at an earlier age in FVB *Smn^2B/-^*mice than in BL6 *Smn^2B/-^*mice. (**A** and **B**) Representative immunofluorescent images of the anterior horn regions of spinal cords from BL6 mice (A) at PND11, PND16 and PND19, and FVB mice (B) at PND9, PND11 and PND16 (red is ChAT staining and blue is DAPI staining).( **C**) No motor neuron loss was observed in lumbar spinal cords of BL6 *Smn^2B/-^*mice at PND11. However, at PND16 and PND19 the number of motor neurons was significantly decreased in BL6 *Smn^2B/-^*mice compared to their control littermates (*n =* 3, two way ANOVA, *P *\<* *0.05). (**D**) Motor neuron loss was not observed at PND9 in FVB *Smn^2B/-^*mice. However the number of motor neurons was significantly decreased in FVB *Smn^2B/-^*mice at PND11 and PND16, compared to their control littermates (*n =* 3, two way ANOVA, *P *\<* *0.05). (**E**) The graph represents the number of motor neurons in sections from *Smn^2B/-^*mice as a percentage of the average number of motor neurons in sections from control mice for each time point. Motor neuron loss occurs earlier in FVB *Smn^2B/-^*mice than in BL6 *Smn^2B/-^*mice. \* indicates significant difference between *Smn^2B/-^*mice and their control littermates in C and D, and between BL6 and FVB *Smn^2B/-^*mice in E.

Neuromuscular junction pathology occurs at an earlier age in FVB Smn^2B/-^ mice than in BL6 Smn^2B/-^ mice
----------------------------------------------------------------------------------------------------------

NMJs are the primary sites of pathologic changes in SMA ([@ddw278-B30]). These changes include pre-synaptic swelling due to accumulation of neurofilaments and reduced size of motor endplates (MEPs). Previous work has shown that NMJs undergo these changes prior to any obvious phenotype in SMA model mice. To investigate pre-synaptic swelling, mouse transverse abdominis (TVA) muscles were immunostained for neurofilament (NF-M) and synaptic vesicle 2 (SV2) ([Fig. 6A and B](#ddw278-F6){ref-type="fig"}). We used an established classification system for the severity of NMJ pre-synaptic swelling based on morphology (grade 1: normal, no pre-synaptic swelling; grade 2: swollen, pre-synaptic terminal arborization is thickened; grade 3: spheroid accumulations over the NMJ; grade 4: spheroid covers MEPs). At PND11, only FVB *Smn^2B/-^* mice show NMJ presynaptic swelling ([Fig. 6C](#ddw278-F6){ref-type="fig"}). At PND16, both BL6 and FVB *Smn^2B/-^* mice show NMJ pre-synaptic swelling ([Fig. 6D](#ddw278-F6){ref-type="fig"}). Interestingly, at this age FVB *Smn^2B/-^* mice show higher degrees of NMJ pre-synaptic swelling, reaching grade 4, relative to BL6 *Smn^2B/-^* mice that have only progressed to grade 3 ([Fig. 6D](#ddw278-F6){ref-type="fig"}). Figure 6.NMJ pathology occurs earlier in FVB *Smn^2B/-^*mice than in BL6 *Smn^2B/-^*mice. (**A** and **B**) Representative images of TVA muscles from BL6 mice (A) and FVB mice (B) at PND11 and PND16 stained for neurofilament-M (red) and motor endplates (α-BTX, green). (**C**) At PND11, only FVB *Smn^2B/-^*mice show accumulation of neurofilaments within their NMJs (showing higher degrees of presynaptic swelling). (**D**) At PND16, both BL6 and FVB *Smn^2B/-^*mice show accumulation of neurofilaments within presynaptic areas of their NMJs, however the degree of presynaptic swellings is higher in FVB *Smn^2B/-^*mice (*n =* 3, two way ANOVA, *P *\<* *0.05). (**E**) Motor endplate size is significantly reduced in BL6 *Smn^2B/-^*mice at PND16 but not at PND11. (**F**) Motor endplate size is significantly reduced in FVB *Smn^2B/-^*mice at both PND11 and PND16 (*n =* 3, two way ANOVA, *P *\<* *0.05). \* in E and F indicates significant difference between *Smn^2B/-^*mice and their control littermates.

We also investigated the post-synaptic NMJ abnormalities by labeling TVA muscles with a conjugated alpha-bungarotoxin and quantifying the size of the MEP areas at both PND11 and PND16. The average size of MEPs of BL6 *Smn^2B/-^* mice is not changed at PND11 (168.6 µm^2^ *vs.* 183.3 µm^2^ in controls, *P *\>* *0.05), but significantly decreased at PND16 (142.6 µm^2^ *vs.* 197.1 µm^2^ in controls, *P *\<* *0.01) ([Fig. 6E](#ddw278-F6){ref-type="fig"}). In contrast, the average size of MEPs is significantly decreased in FVB *Smn^2B/-^* mice at both PND11 and PND16 (127.2 µm^2^ *vs.* 170.5 µm^2^ at PND11 and 142.6 µm^2^ *vs.* 197.1 µm^2^ at PND16, *P *\<* *0.01 for both) ([Fig. 6F](#ddw278-F6){ref-type="fig"}).

We also looked at the NMJ morphology in FVB *Smn^2B/-^* mice at an earlier age (i.e. PND9) ([Supplementary Material](#sup1){ref-type="supplementary-material"}, [Fig. 2](#ddw278-F2){ref-type="fig"}). Although we did not find any difference in the average size of MEPs ([Supplementary Material](#sup1){ref-type="supplementary-material"}, [Fig. 2B](#ddw278-F2){ref-type="fig"}), we observed that FVB *Smn^2B/-^* mice show mild NMJ pre-synaptic swelling at PND9 ([Supplementary Material](#sup1){ref-type="supplementary-material"}, [Fig. 2C](#ddw278-F2){ref-type="fig"}).

Smn protein levels are not differentially regulated in BL6 vs. FVB Smn^2B/-^ mice
---------------------------------------------------------------------------------

We evaluated the level of Smn protein in spinal cords at two different time points -- PND5 and PND9. Total protein staining was used to normalize the immunoblot signals (data not shown). Our analysis revealed no significant difference in the level of Smn between FVB and BL6 *Smn^2B/-^* mice at both PND5 (7.4 ± 3.4% *vs.* 13.8 ± 4.8% of their normal controls, *P *\>* *0.05) and at PND9 (13.0 ± 1.0% *vs.* 10.4 ± 2.1% of their normal controls, *P *\>* *0.05) ([Fig. 7A and B](#ddw278-F7){ref-type="fig"}). We also compared the expression of Smn between FVB *Smn^2B/-^* mice and FVB severe SMA mice ([Supplementary Material](#sup1){ref-type="supplementary-material"}, [Fig. 3](#ddw278-F3){ref-type="fig"}). At PND1 the level of Smn protein in spinal cords of FVB *Smn^2B/-^* mice is significantly higher than FVB severe SMA mice, confirming that the less severe phenotype in *Smn^2B/-^* mice is due to slightly higher Smn levels in these animals. Figure 7.Smn protein levels are not differentially regulated in BL6 *vs.* FVB *Smn^2B/-^*mice. (**A**) Immunoblot analysis of lumbar spinal cord extracts of PND5 and PND9 mice using antibodies against Smn and GAPDH. (**B**) Quantification revealed no difference in Smn protein between BL6 and FVB *Smn^2B/-^*mice (*n =* 3, unpaired *t* test, *P *\>* *0.05). NS = not significant.

Expression of some actin regulating proteins is altered in BL6 vs. FVB Smn^2B/-^ mice
-------------------------------------------------------------------------------------

We evaluated the levels of three different proteins that are important in the regulation of the actin cytoskeleton and that could be involved in determining the severity of disease. To determine if there is any difference in expression in the *Smn^2B/-^* mice between the two congenic background strains, spinal cord extracts were collected at PND9 for immunoblot experiments. This time point was selected based on our observation that there was no MN loss in *Smn^2B/-^* mice on either background at this age. Initially, we assessed the activity of the Rho kinase pathway by measuring the ratio of phospho-cofilin (P-cofilin) to total cofilin protein levels. As expected, this pathway was more active in the *Smn^2B/-^* mice ([Fig. 8A and B](#ddw278-F8){ref-type="fig"}). However, this pathway did not appear to be differentially regulated between the two genetic strains tested, although a small increase was noted in the FVB *Smn^2B/-^* mice. Next, we assessed profilin 1, which inhibits the polymerization of actin. Although there was no difference in the level of profilin between wild type and *Smn^2B/-^* mice, there was an increase in FVB mice compared to BL6 ([Fig. 8C and D](#ddw278-F8){ref-type="fig"}). Finally, we assessed expression of *Plastin 3*, which has previously been identified as a putative SMA modifier gene in humans ([@ddw278-B14]). At baseline, the levels of Pls3 were higher in FVB wild type mice than in BL6 wild type mice ([Fig. 8E and F](#ddw278-F8){ref-type="fig"}). Of interest, however, the level of Pls3 is significantly increased in BL6 *Smn^2B/-^* mice (+63.5 ± 15.7%, *P *\<* *0.05) but was slightly decreased in FVB *Smn^2B/-^* mice (-19.58 ± 7.910%, *P *= 0.06) compared to their respective wild type controls ([Fig. 8E and F](#ddw278-F8){ref-type="fig"}). A statistical comparison was also performed between BL6 *Smn^2B/-^* mice and FVB *Smn^2B/-^* mice, and we found lower levels of Pls3 in the latter strain background ([Fig. 8E and F](#ddw278-F8){ref-type="fig"}). Thus, there is a differential induction of Pls3 in BL6 *Smn^2B/-^* mice. Figure 8.Differential expression of some actin regulating proteins in BL6 *vs.* FVB *Smn^2B/-^*mice. Immunoblot analysis of lumbar spinal cord extracts of PND9 mice. (**A** and **B**) The ratio of phospho-cofilin (P-cofilin) to cofilin protein levels is increased in BL6 *Smn^2B/-^*mice compared to control mice (*n =* 3, unpaired t test, *P *\<* *0.05). However, there was no obvious differential regulation between the two genetic strains tested. (**C** and **D**) There is no difference in the level of profilin 1 between wild type and *Smn^2B/-^* mice. However, there is an increase in their levels in FVB mice compared to BL6 (*n =* 3, unpaired t test, *P *\<* *0.05). (**E** and **F**) Differential induction of plastin 3 in spinal cords of BL6 *Smn^2B/-^*mice. Plastin 3 levels are significantly higher in BL6 *Smn^2B/-^*mice comparing to their control wild types (*n =* 3, unpaired t test, *P *\<* *0.05). In FVB *Smn^2B/-^*mice however, the level of plastin 3 was not altered (*n =* 3, unpaired t test, *P *=* *0.06). \* indicates significant difference. NS = not significant.

Discussion
==========

The notion that genetic background can impact the phenotype of a mouse mutant is not new. Indeed, early observations made in spontaneous mutant mice have been supported by work in engineered and induced mutant mice ([@ddw278-B33]). In the recent past, gene targeting studies in mice have identified phenotypic differences between strain backgrounds. Collectively, this effect of genetic background on phenotype has been explained by the differential expression of so-called modifier genes. Such genes do not have any obvious phenotype on their own, but can impact the functional consequence of specific genetic mutations. As such, having congenic mouse strains for the study of gene mutations provides us with several advantages. It affords us more reliable models with consistent phenotypes and has the potential to identify modifier loci. In this context, we have generated congenic mice on two separate backgrounds (BL6 and FVB) carrying the *Smn^2B^* allele. We have characterized congenic mice at the 6^th^ generation and report that *Smn^2B/-^* mice on the FVB background had an earlier onset and a more severe phenotype compared to the BL6 background. The generation of congenic *Smn^2B/-^* mice also resulted in a much tighter range of survival than observed in the original mixed background *Smn^2B/-^* mice ([@ddw278-B21],[@ddw278-B26]).

One confounding variable that we wanted to examine was the impact of litter size on survival. It is possible that the mutant pups in larger litters were not able to compete effectively with their normal littermates for breastfeeding, affecting their survival. Of the two congenic strains, the FVB mice consistently had larger litters. However, this did not correlate negatively with survival of *Smn^2B/-^* mice in these litters. Interestingly, survival of *Smn^2B/-^* mice in BL6 cages correlated positively with larger litter size. It appears that this feature is also strain dependent.

Degenerative changes involving motor units account for the major clinical presentations of SMA (i.e. progressive weakness and paralysis) ([@ddw278-B3],[@ddw278-B31]). These changes include atrophy of myofibres, lack of maturation of MEPs, swelling and disorganization of axonal terminals of MNs, and finally death of MNs. We investigated these changes in congenic *Smn^2B/-^* mice at different ages and observed that all of these pathologic changes occur at an earlier age in FVB *Smn^2B/-^* mice than they do in BL6 mice. At PND11, FVB *Smn^2B/-^* mice present with reduced muscle fibre cross-sectional area, smaller MEPs, neurofilament accumulation at NMJs and loss of MNs within the lumbar spinal cord. Of note, none of these pathological changes were observed in BL6 *Smn^2B/-^* mice at PND11. Moreover, we found that at PND16 these changes were more severe in FVB *Smn^2B/-^* mice than in BL6 *Smn^2B/-^* mice (summarized in [Fig. 9](#ddw278-F9){ref-type="fig"}). Figure 9.A schematic temporal comparison of various phenotypes in FVB *Smn^2B/-^*and BL6 *Smn^2B/-^*mice. *P* indicates postnatal day (PND). \* indicates *Smn^2B/-^* mice beside their control littermates.

Our results show that *Smn^2B/-^* mice on the FVB background present a more severe phenotype than on the BL6 background. The effect of genetic background on the severity of the phenotype has also been observed in other mouse models of SMA. Congenic "severe model" mice on the BL6 background die before birth, but on the FVB background they have a median survival of 5 days ([@ddw278-B5],[@ddw278-B6]). Also, congenic "delta 7" mice on the BL6 background show a remarkable reduced life span compared to that on the FVB background (median survival of 1 and 10 days, respectively) ([@ddw278-B6]). On the other hand, the "Taiwanese model" when backcrossed on the BL6 background showed an increase in survival compared to the original congenic FVB mice (median survival of 15 and 10 days, respectively) ([@ddw278-B16]). Based on survival, it appears that the "severe model" and the "delta 7" mice show a more severe phenotype on the BL6 background ([@ddw278-B5],[@ddw278-B6]), a trend that is opposite to that shown by the "Taiwanese model" and the *Smn^2B/-^* mice in the present study. An important consideration amongst all the different mouse models of SMA is the type of mutation introduced. In all cases, the endogenous mouse *Smn* gene has been either completely silenced or only partially disrupted. Whether, this plays a role in the severity of the phenotype in different congenic backgrounds remains to be seen.

In search for an explanation for the difference in the onset and severity of disease phenotype between FVB and BL6 *Smn^2B/-^* mice, we measured Smn protein levels in extracts of lumbar spinal cords of PND9 mice. No significant difference was detectable between FVB and BL6 *Smn^2B/-^* mice at two different time points, excluding changes in Smn levels as a reason behind the differential severity. A more likely explanation is that there is an influence of one or more modifier genes on the overall disease pathogenesis in these mice. We have assessed levels of three different proteins that are involved in the regulation of the actin cytoskeleton. Although, the Rho kinase pathway was more active in the *Smn^2B/-^* mice, there did not appear to be any differential regulation of the pathway between the two genetic strains tested, as determined by assessing phospho-cofilin to total cofilin protein levels. Profilin 1, which inhibits the polymerization of actin, had increased levels in FVB mice compared to BL6. Finally, the levels of Pls3 are significantly increased in spinal cords of BL6 *Smn^2B/-^* mice compared to their wild type littermates. A similar increase in FVB *Smn^2B/-^* mice was not observed. *PLS3* has been proposed to be a genetic modifier of SMA in both human and animal studies ([@ddw278-B14],[@ddw278-B34],[@ddw278-B35]). In SMA patients, higher levels of Plastin 3 correlated with less severe SMA types ([@ddw278-B36]). Furthermore, Plastin 3 levels are decreased in *Smn* mutant zebra fish and overexpression of human *PLS3* rescues the SMA phenotype in these animals ([@ddw278-B37]). Overexpression of *Pls3* in the "Taiwanese model" mice on the BL6, but not the FVB, background also resulted in a less severe phenotype ([@ddw278-B16]). Although Pls3 improves the NMJ pathology in the "Taiwanese model", it should be noted that the NMJ pathology in these mice is already less severe than most of the other SMA mouse models to begin with. Other studies have shown that overexpression of *Pls3* in the "delta 7 model" mice on the FVB background did not provide any benefit ([@ddw278-B17]). The differential induction of Pls3 in BL6 *Smn^2B/-^* mice may contribute to the less severe phenotype compared to the FVB *Smn^2B/-^* mice, but this requires more investigation.

In summary, our studies have shown that the congenic strains of *Smn^2B/-^* mice on the FVB background have a more severe phenotype than on the BL6 background. Although this difference in severity correlates with a differential induction of Plastin 3 in the BL6 background, we cannot exclude the possibility that other genetic modifiers likely influence the overall disease picture in the congenic *Smn^2B/-^* mice. Future studies will be directed towards a systematic search for modifier genes influencing the phenotype in these mice. Identification of such genes could potentially reveal pathways involved in motor neuron survival and skeletal muscle amelioration, and contribute to new therapeutic approaches to treat SMA.

Materials and Methods
=====================

Mouse maintenance
-----------------

BL6 and FVB *Smn^+/-^* and wild type mice were purchased from the Jackson Laboratory as follows: FVB/NJ (\#001800), C57BL/6J (\#000664), B6.129P2(Cg)-*Smn1 ^\<^ ^tm1Msd\>^*/J (\# 010921) and FVB.129P2-*Smn1 ^\<^ ^tm1Msd\>^*/J (\# 006214) (Bar Harbor, Maine, USA). FVB.Cg-Tg(SMN2)89Ahmb *Smn1 ^\<^ ^tm1Msd\>^*/J (\#005024) severe mice have been described before ([@ddw278-B5]), and were purchased from the Jackson Laboratory. *Smn^2B/2B^* mice were generated in our laboratory and had been maintained on a BL6 x CD1 hybrid background ([@ddw278-B26]). All animals were handled according to institutional guidelines (Animal Care and Veterinary Services, University of Ottawa).

Generation of congenic strains
------------------------------

*Smn^2B/2B^*mice with a mixed genetic background were mated to FVB or BL6 wild type female mice. Only male pups from each litter were weaned and genotyped for the *Smn^2B^* allele (forward primer: 5'-AAC TCC GGG TCC TCC TTC CT-3' and reverse primer: 5'-TTT GGC AGA CTT TAG CAG GGC-3'). At each subsequent generation, male *Smn^2B/+ ^*mice were mated to wild type females of either FVB or BL6 mice, as appropriate. The backcrossing was continued to the tenth generation of *Smn^2B/+ ^*mice in each background to attain the fully congenic *Smn^2B/+ ^*strains.

Characterization of congenic Smn^2B/-^ mice
-------------------------------------------

At the sixth generation of backcrossing, three male and three female mice with *Smn^2B/+ ^*genotype were mated to generate *Smn^2B/2B^* mice. Homozygous *Smn^2B/2B^* mice were then mated with *Smn^+/-^* mice of the relevant genetic background to generate congenic *Smn^2B/-^*mice in either the FVB or BL6 backgrounds. These mice were then characterized as described below. Unless otherwise specified, *Smn^2B/+ ^*littermates of *Smn^2B/-^*mice were used as normal controls based on our previous studies.

Survival and growth
-------------------

All of the experimental cages of both backgrounds were kept in the same room and were inspected every morning for new litters, death or any endpoints. During the survival study, humane endpoints were followed according to the Animal Care and Veterinary Services (ACVS) of the University of Ottawa (severe dehydration, hypothermia or dragging of the hind limbs). At endpoints, mice were euthanized using a CO~2~ chamber followed by cervical dislocation. The exact date and cause of death of any pup was recorded. The euthanized mice were excluded from the survival study. For the first litter of each breeding cage, the mice which did not show any phenotype were also genotyped to exclude any asymptomatic *Smn^2B/-^* mouse within this group. Around 3--4 days after birth, all pups were tattooed for identification. The weights of all pups were measured daily and recorded using a Scout Pro digital mini-scale (Ohaus Corp, NJ). The scale was calibrated automatically every day upon start.

Motor tests
-----------

Two standard motor tests were used to evaluate muscle strength of the *Smn^2B/-^* mice. The inverted mesh grip test was performed based on the Treat-NMD guidelines (protocol number SMA-M.2.1.002) ([@ddw278-B28]). Briefly, one pup was placed on a plastic mesh (about 1 mm^2^ grids) mounted firmly on a plastic frame. Then the mesh was inverted gently. The distance of the mesh from soft bedding on the ground was about 80 cm. The end point of the test occurred when the pup dropped to the bedding, or continued to hold on for 60 sec. A mark of 100% success was attributed when the mice held for 60 sec. The test was performed for all the pups in a cage once (one round) and then this was repeated for five more rounds. The inverted mesh grip test was performed starting at PND13 and was repeated every other day until PND25.

The hind limb suspension test (also known as tube test) was performed based on Treat-NMD guidelines (protocol number SMA-M.2.2.001) ([@ddw278-B29]). A metal tube of 6.5 cm diameter, 20 cm height and about 1 mm wall thickness was used. The bottom of the tube was covered with soft bedding. The mouse was set face down inside the tube and hanging with its hind limbs over the rim of the tube. The test was considered finished if the pup dropped into the tube, came out of the tube, or continued to hang on for 60 sec. A mark of 100% success was attributed when the mice held for 60 sec or came out of the tube. The test was performed once for each pup in the cage (one round) and this was repeated for five more rounds. The hind limb suspension test was performed starting at PND7 and was repeated every other day until PND25.

Myofibre cross-sectional area measurement
-----------------------------------------

Mice were euthanized and tibialis anterior (TA) muscles were dissected and mounted immediately in Optimal Cutting Temperature (OCT) compound (Tissue-Tek). Using a cryostat, 10 µm sections were prepared at the biggest diameter of the TA muscles. Sections were air dried at room temperature and underwent a standard hematoxylin and eosin (H&E) staining. Using a Zeiss Ax10 microscope equipped with an Axiocam MRC camera (Plan-APOCHROMAT 40X/0.95 Ph3 lens) images were taken from different regions of each section. Using ImageJ software, the cross-sectional areas of each myofibre in two or three images (about 300 to 400 myofibres for each mouse) were determined.

Motor neuron number measurement
-------------------------------

Mice were euthanized and lumbar spinal cords were dissected under the level of T12 (using the last rib as a marker) and fixed in 4% paraformaldehyde (PFA) in PBS overnight. The samples were incubated in 30% sucrose in PBS for 24 h and then mounted in OCT. Using a cryostat, an initial 500 µm of each spinal cord was trimmed. Then, six transverse sections (thickness of 10 µm) with an interval of 100 µm were mounted on one slide, spanning a region of about 500 µm of mouse lumbar spinal cord at the level of L1-L2. The slides were air dried at room temperature and then stained as follows. Samples were permeabilized in 0.3% TritonX-100 in PBS for 30 min, then blocked in 1X Power Block (BioGenex, Fremont, CA) for 10 min at room temperature. Samples were incubated with a goat anti-ChAT antibody (EMD Millipore, Darmstadt, Germany) in 1% BSA and 0.3% TritonX-100 in PBS for 48 h at 4 °C. Samples were incubated with Alexa Fluor 555 donkey anti-goat IgG (Life Technologies, Carlsbad, California) for 2 h at room temperature. Nuclei were counterstained with 4\',6-diamidino-2-phenylindole (DAPI). Using a Zeiss Ax10 microscope (Plan-APOCHROMAT 20X/0.8 Ph2 lens) equipped with an Axiocam HRM camera, images were taken from ventral horn areas of all spinal cord sections. Motor neuron cell bodies were counted using ImageJ software.

Neuromuscular junction staining
-------------------------------

TVA muscles were dissected and stained for neurofilament-M (NFM) and motor endplates (MEP) as described before ([@ddw278-B38]). Briefly, mice were euthanized and TVA muscles were dissected and fixed in 2% PFA in PBS for 10 min at room temperature. Samples were permeabilized in 0.3% Triton X-100 in PBS for 30 min and blocked in 1X Power Block for 10 min at room temperature (BioGenex, Fremont, CA). Then, the samples were incubated with a mouse anti-neurofilament-M antibody and a mouse anti-SV2 antibody (Developmental Studies Hybridoma Bank, Iowa City, IA) in 1% BSA and 0.3% Triton X-100 in PBS overnight at 4 °C. Samples were incubated with Alexa Fluor 488 goat anti-mouse IgG (Life Technologies, Carlsbad, California) for 1 h at room temperature. MEPs were counterstained with tetramethylrhodamine (TRITC) conjugated alpha-bungarotoxin (Life Technologies, Carlsbad, California). TVA muscles were whole-mounted on microscope slides using Dako Fluorescent mounting media. Images were taken using a confocal LSM510 Zeiss microscope (Plan-APOCHROMAT 63X/1.4 oil DIC) and were quantified using ImageJ software.

Western blotting
----------------

Lumbar spinal cords at the level of L1-L5 were dissected and homogenized in RIPA buffer (Cell Signalling Technology). From each sample, 10 µg of total protein was loaded on an SDS-polyacrylamide gel and separated by electrophoresis. The proteins were then blotted onto Immobilon-FL membranes (EMD Millipore). Membranes were stained with Sypro Ruby (Life Technologies), scanned using a Chemidoc-IT imager (UVP) and total protein in each lane was quantified using UVP software. The following primary antibodies were used to probe the membranes after 1 h blocking: mouse anti-Smn (BD Bioscience), rabbit anti-GAPDH (glyceraldehyde 3-phosphate dehydrogenase) (Abcam), rabbit anti-phospho-cofilin (Cell Signaling Technology), mouse anti-cofilin (Abcam), rabbit anti-profilin 1 (Cell Signaling Technology) and rabbit anti-Pls3 (Genetex). Membranes then were incubated with IRDye fluorescent conjugated (LiCOR) or HRP conjugated secondary antibodies (Jackson Laboratories) and were developed using an Odyssey CLx scanning machine or chemiluminescence western blotting substrate (Thermo Scientific Pierce), respectively. The images were quantified using Image Studio 4.0 (LiCOR) or ImageJ software. Total protein of each lane was used to normalize the specific signals of that lane.

Statistical analysis
--------------------

All of the statistical analyses were performed using Prism 6 GraphPad software (San Diego, CA). The statistical tests used for each analysis are specified in the corresponding results section. All data are presented as mean ± standard error of the mean (SEM).
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